Cyclic diadenylate monophosphate (c-di-AMP) is a second messenger utilized by diverse bacteria. In many species, including the Gram-positive human pathogen Listeria monocytogenes, c-di-AMP is essential for growth. Here we show that the single diadenylate cyclase of L. monocytogenes, CdaA, is an integral membrane protein that interacts with its potential regulatory protein, CdaR, via the transmembrane protein domain. The presence of the CdaR protein is not required for the membrane localization and abundance of CdaA. We have also found that CdaR negatively influences CdaA activity in L. monocytogenes and that the role of CdaR is most evident at a high growth temperature. Interestingly, a cdaR mutant strain is less susceptible to lysozyme. Moreover, CdaA contributes to cell division, and cells depleted of CdaA are prone to lysis. The observation that the growth defect of a CdaA depletion strain can be partially restored by increasing the osmolarity of the growth medium suggests that c-di-AMP is important for maintaining the integrity of the protective cell envelope. Overall, this work provides new insights into the relationship between CdaA and CdaR.
B
acteria from diverse phyla produce the cyclic dinucleotide cyclic diadenylate monophosphate (c-di-AMP) that is synthesized and degraded by specific diadenylate cyclases and phosphodiesterases, respectively (1) . The DNA integrity scanning protein DisA from Thermotoga maritima was the first diadenylate cyclase structurally and biochemically characterized (2) , and its characterization led to the discovery of c-di-AMP. Many bacteria possess only a single, DisA-type, diadenylate cyclase (1), which is involved in the maintenance of DNA integrity (3, 4, 5) . The cyclase activity of DisA is modulated by unusual DNA recombination intermediates (2) , but it is presently unclear how c-di-AMP signals the cell that the chromosome integrity is affected.
In addition to DisA, two diadenylate cyclases, CdaA and CdaS, are synthesized in the Gram-positive model bacterium Bacillus subtilis (6) . While cdaA is expressed during vegetative growth, the cdaS gene is expressed during sporulation or germination of spores (7) . The cdaS inactivation decreases the germination efficiency of spores, indicating a germination-specific function for this enzyme (8) . Recently, it has been shown that c-di-AMP is essential for the growth of B. subtilis (6, 9, 10) . c-di-AMP production by a single diadenylate cyclase is sufficient for viability of B. subtilis, but the existence of three diadenylate cyclases in this organism suggests that c-di-AMP levels need to be fine-tuned during different lifestyle conditions (6, 9) . In contrast to DisA and CdaS, which have relatively limited phylogenetic distributions, CdaA is more widespread in bacteria (1) . Some bacteria, such as the human pathogen Listeria monocytogenes, possess only a single, CdaA-type, diadenylate cyclase (11) , which was shown to be essential for growth on rich medium (12) , and CdaA depletion leads to cessation of bacterial growth (13) .
Several c-di-AMP-binding proteins were recently identified (for recent reviews, see references 1, 14) . Among these is the transcription factor DarR from Mycobacterium smegmatis, the DNAbinding activity of which is stimulated by c-di-AMP (15) . c-di-AMP was also shown to bind to and to control the activities of the potassium transporters from Staphylococcus aureus and Streptococcus pneumoniae and to allosterically regulate the L. monocytogenes pyruvate carboxylase (16, 17, 18) . Recently, members of a novel class of P II -like signal transduction proteins from B. subtilis, S. aureus, and L. monocytogenes were also shown to bind c-di-AMP (19, 20, 21, 22) . However, the impact of c-di-AMP on the activity of the P II -like proteins remains to be uncovered.
CdaA from L. monocytogenes is a 273-amino acid (aa) protein consisting of an N-terminal transmembrane domain (aa 17 to 70) followed by a diadenylate cyclase (DAC) domain (aa 103 to 237), which is surrounded by two coiled-coil (CC) motifs (aa 82 to 103 and aa 240 to 273) ( Fig. 1B) (1) . Recently, an N-terminally truncated variant of the L. monocytogenes diadenylate cyclase CdaA lacking the membrane-binding domain and the adjacent CC motif was structurally and biochemically characterized (23) . The functionality of the CdaA variant was demonstrated by expression of the truncated cdaA gene in Escherichia coli, an organism that does not produce c-di-AMP (6, 23) , and c-di-AMP production was dependent on the presence of divalent ions in vitro (23) .
The cdaA diadenylate cyclase gene is located in the conserved cdaR-cdaA-glmM module (Fig. 1A) that also encodes the phosphoglucosamine mutase GlmM and CdaR. The phosphoglucosamine mutase GlmM converts glucosamine 6-phosphate to the cell wall precursor glucosamine 1-phosphate. CdaR is a regulator controlling the CdaA activity in B. subtilis (6) . It is predicted to contain an N-terminal signal peptide (aa 1 to 33) and four YbbR domains of unknown function (Fig. 1B) (24, 25, 26) . This particular genetic context of the cdaA gene suggests that CdaA may be involved in cell envelope biosynthesis. Indeed, both depletion and overexpression of cdaA were shown to severely affect the integrity of the cell wall in several Gram-positive bacteria (6, 27) . Moreover, alterations in the intracellular c-di-AMP pool affect the resistance to cell wall-targeting antibiotics (9, 27, 28, 29, 30) . The underlying mechanism, explaining how c-di-AMP synthesis is linked to the cell wall integrity, remains to be elucidated.
In this study, we show that CdaA of L. monocytogenes is an integral membrane protein and that it directly interacts with CdaR. We also show that CdaR negatively controls the diadenylate cyclase activity of CdaA, but it is not needed for membrane localization of CdaA. We describe the phenotypes of the ⌬cdaR mutant and cells depleted in CdaA with regard to growth, cell division, susceptibility to antibiotics, and osmotic pressure. This work expands our understanding of the complex relationship between the interacting partners, CdaA and CdaR, and provides new insights into their involvement in cell wall homeostasis.
MATERIALS AND METHODS
Bacterial strains and growth conditions. All bacterial strains used in this study are listed in Table 1 . L. monocytogenes cells were grown in brain heart infusion (BHI) broth or on BHI agar plates at 37°C. When necessary, antibiotics and supplements were added to the growth medium at the following concentrations: erythromycin, 5 g/ml; kanamycin, 50 g/ml; IPTG (isopropyl-␤-D-thiogalactopyranoside), 1 mM; NaCl, 20 g/liter; and X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside), 100 g/ml. The Escherichia coli strains TOP10 and XL1-Blue (Invitrogen) were used for all cloning procedures (31) .
General methods, manipulations of DNA, and oligonucleotide primers. Transformation of E. coli and isolation of plasmid DNA were carried out using standard protocols (31) . Generation of electro-competent L. monocytogenes cells and transformation of plasmid DNA into L. monocytogenes were performed as described earlier (32) . Restriction and ligation of DNA were done as described by the manufacturer's instructions. QuikChange mutagenesis was used for restriction-free modifications of plasmids (33) . The DNA sequences of the oligonucleotides are listed in Table 2 .
Construction of plasmids and strains. The plasmid pJR31 was constructed for the deletion of cdaA from the L. monocytogenes chromosome. The primers JR83/JR86 were used for the amplification of the cdaA genomic region. The resulting PCR fragment was BamHI/EcoRI digested and ligated with pMAD cut with the same enzymes to give plasmid pJR28. Finally, the cdaA gene was removed from this plasmid in a PCR using the primer pair JR97/JR98. Plasmid pJR29 for the removal of the cdaR gene was constructed in a similar way. A fragment comprising the cdaR gene and up-and downstream regions was amplified by PCR using primers JR90/JR93, and the fragment produced was inserted into the plasmid pMAD via BamHI/EcoRI, resulting in plasmid pJR27. The cdaR gene was removed from this plasmid in a PCR using the primers JR99/JR100. In order to generate cdaA cdaR double deletions, the cdaR gene was removed from pJR31 by PCR with the primers JR125/JR126, resulting in plasmid pJR40. To allow for the IPTG-inducible expression of cdaA, the cdaA open reading frame was amplified from the chromosomal DNA using the primers JR87/JR88 and cloned into pIMK3 using NcoI/SalI restriction digestion. The resulting plasmid was designated pJR26. Plasmid pBP353 was constructed for the IPTG-dependent expression of the native cdaR gene using the primer pairs JH21/JH22. The PCR products were digested with NcoI and SalI and ligated with the plasmid pIMK3 that was cut with the same enzymes. The derivatives of pIMK3 were introduced into L. monocytogenes by electroporation, and kanamycin-resistant clones were isolated. Plasmid insertion at the attB site of the tRNA Arg locus was confirmed by PCR. For removal of cdaA, cdaR, or cdaAR, the plasmid pJR31, pJR29, or pJR40, respectively, was used to transform the respective L. monocytogenes recipient strains, and the genes were removed as described elsewhere (34) . Gene deletions were verified by PCR.
Microscopy. Samples (0.4 l) of logarithmically growing cultures were transferred onto microscope slides, which had been covered with a thin agarose film (1.5% in distilled water). After air drying, the samples (38) , which is surrounded by the putative lmo2121 maltose phosphorylase gene and the glmM gene encoding the essential phosphoglucosamine mutase. Arrows and circles illustrate transcription start sites and terminators, respectively (38) . (B) CdaA contains three N-terminally located ␣-helices that form a transmembrane (TM) domain. The TM domain is attached to the diadenylate cyclase (DAC) domain, which is surrounded by two coiled-coil (CC) motifs. CdaR is predicted to contain a signal peptide (SP) and four YbbR domains of unknown function (24, 25, 26) .
were covered with a cover lid and examined by phase-contrast or fluorescence microscopy. For membrane staining, 100 l of the cultures was mixed with 1 l of Nile red (100 g/ml in dimethyl sulfoxide [DMSO] ) and shaken for 20 min at 37°C before the cells were prepared for microscopy. Images were taken with a Nikon Eclipse Ti microscope coupled to a Nikon DSMBWc charge-coupled device (CCD) camera and processed using the NIS-Elements AR software package (Nikon).
Autolysis assays. Bacterial strains were cultivated in BHI broth containing 1 mM IPTG, if necessary, and incubated until the culture reached an optical density of around 0.8. The cells were collected by centrifugation (5 min, 6,000 ϫ g) and resuspended in 50 mM Tris-HCl (pH 8.0) to an optical density at 600 nm (OD 600 ) of 0.6. Penicillin (25 g/ml final concentration) or lysozyme (2.5 g/ml final concentration) was added, and the cells were shaken at 37°C. Autolysis was followed by measurement of the decline in the OD 600 every 30 min (penicillin) or every 15 min (lysozyme).
Determination of MICs. Test strips with the following concentration gradients were used to determine the MICs against selected antibiotics: amoxicillin, 0.016 to 256 g/ml; ampicillin, 0.016 to 256 g/ml; gentamicin, 0.016 to 256 g/ml; meropenem, 0.002 to 32 g/ml; penicillin G, 0.016 to 256 g/ml; and vancomycin, (0.016 to 256 g/ml) (all from bestbion dx, Germany). L. monocytogenes strains were grown on BHI plates (containing 1 mM IPTG, if necessary), and 4 to 5 morphologically identical colonies were then used to inoculate 5 ml BHI broth. Cell suspensions were used to swab-inoculate BHI agar plates, supplemented with 1 mM IPTG where indicated. MIC test strips were placed on top of the agar surface, and the plates were incubated at 37°C for 1 day.
Protein purification and generation of an anti-CdaA antiserum. Plasmid pBP33 was used to overexpress the N-terminally Strep-tagged diadenylate cyclase CdaA from L. monocytogenes as described previously (23) . The protein was purified with the Strep-tag II-Strep-Tactin purification system (IBA, Göttingen, Germany) and used for the generation of polyclonal antibodies in rabbits (Seqlab, Göttingen, Germany). The rabbit anti-CdaA antibodies were diluted 1:5,000 for Western blot analyses.
Isolation of protein fractions and Western blotting. Cells were harvested by centrifugation and washed once with ZAP buffer (10 mM TrisHCl [pH 7.5] and 200 mM NaCl). Cells were disrupted by sonication in ZAP buffer also containing 1 mM phenylmethylsulfonyl fluoride (PMSF). Cell debris was removed by centrifugation, and the resulting supernatant was considered the total cellular protein fraction. Membrane proteins were then separated from the soluble cytosolic proteins by ultracentrifugation (100,000 ϫ g for 30 min at 4°C). The supernatant contained the soluble cytoplasmic proteins, and the pellet corresponded to the membrane fraction. The purified N-terminally Strep-tagged diadenylate cyclase CdaA lacking the N-terminal transmembrane domain ( CGATGCGTTCGCGATCCAGGC  FC147  CCAGCCTGATGCGATTGCTGCAT  FC148  GTCACCCGGATTGCGGCGG  FC150  GATTCGGTGACCGATTACCTGGC  JH21  AAACCATGGATCGAATTTTAAATAATAAATGGTCGATTC  JH22  TTTGTCGACTTATGTGCTTTTGGAAGGTACTTCAATGG  JR50  AAATCTAGAGATGGATTTTTCCAATATGTCGATATTGCA  JR51  TTTGGTACCCGTTCGCTTTTGCCTCCTTTCCAT  JR52  AAATCTAGAGATGGATCGAATTTTAAATAATAAATGGTCGA  JR53  TTTGGTACCCGTGTGCTTTTGGAAGGTACT  JR54  AAATCTAGAGTTCCAACCGGAATTACGCCG  JR55  AAATCTAGAGAATAATAATAACGCCACGACTTTTTCTACG  JR83  GCGCGGAATTCGGGAAGATATCGAGCATCGCATG  JR86  CGCGGGATCCCTTTGACGGTATCTGCTTTGATTTTAG  JR87  CGCGCCATGGATGGATTTTTCCAATATGTCGATATTGC  JR88  CGCGGTCGACTCATTCGCTTTTGCCTCCTTTCC  JR90  GCGCGGAATTCGAGGCACGGAGGTGAAGTGATGG  JR93  CGCGGGATCCGAAGTTGCACCATTCGCACAATCAAG  JR97  CATCATTCGCCATCACTTCACCTCCGTGC  JR98  GTGATGGCGAATGATGGATCGAATTTTAAA  JR99  CCTTATTTTACCATCATTCGCTTTTGCCTCCTTTCC  JR100  GAATGATGGTAAAATAAGGAGTGTGGGGCGCTAG  JR125  GTGATGGATTTTAGCTCTGTTGATGTAGAATTGAGC  JR126 CATCAACAGAGCTAAAATCCATCACTTCACCTCC ysis, proteins were separated by 12% SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF) or nylon membranes (Bio-Rad) by electroblotting. Rabbit anti-CdaA served as the primary antibody with visualization using anti-rabbit immunoglobulin-horseradish peroxidase-conjugated secondary antibodies and the ECL detection system (Thermo Scientific). Protein concentrations were determined as described previously (35) . Bacterial two-hybrid assay. The primary protein-protein interactions were analyzed using the bacterial two-hybrid (B2H) system (36, 37) . Plasmid pairs pUT18C/pKT25 and pUT18/p25N were used for the expression of proteins fused to the C and N termini, respectively, of the T18 and T25 fragments of CyaA (36) . The plasmids constructed for the B2H analysis are listed in Table 2 . The genes were amplified using the oligonucleotides listed in Table 1 and cloned between the XbaI and KpnI sites of the plasmids pUT18, pUT18C, p25-N, and pKT25. The full-length and truncated cdaR variants were amplified using the oligonucleotide pairs JR52/JR53 and JR55/JR53, respectively. The full-length and truncated cdaA variants were amplified using the oligonucleotide pairs JR50/JR51 and JR54/JR51, respectively. The DNA sequences were verified using the oligonucleotides FC146, FC147, FC148, and FC150. Plasmids were used for the cotransformation of E. coli BTH101, and the protein-protein interactions were then analyzed by plating the cells on LB plates containing 100 g/ml ampicillin, 50 g/ml kanamycin, 40 g/ml X-Gal, and 0.5 mM IPTG. The plates were incubated for a maximum of 36 h at 30°C.
Analysis of the cyclic dinucleotide pools. The concentration of c-di-AMP in L. monocytogenes cells was determined by a liquid chromatography-tandem mass spectrometry (LC-MS/MS) method. Briefly, a single colony was used to inoculate a reaction tube containing 4 ml BHI broth. The wild type (wt) and strains BPL16 (IcdaR, where "I" indicates IPTGdependent expression of the gene), LMJR45 (⌬cdaR), LMJR46 (IcdaA), and LMJR65 (⌬cdaR IcdaA) were grown in BHI broth (including 1 mM IPTG, where necessary). The precultures were incubated overnight at 37°C and with agitation (220 rpm). On the next day, 2-ml aliquots of each culture were harvested by centrifugation, and the cell pellets were washed 4 times in 2 ml BHI broth. Then 100-ml shake flasks containing 25 ml BHI broth were inoculated with the washed cell suspensions to an optical density of 0.02. The main cultures were incubated for 4 to 5 h at 37°C with agitation (200 rpm) until they reached an OD 600 of 1.0, and 10-ml aliquots of the cultures were transferred into precooled (Ϫ20°C) reaction tubes and swirled in liquid nitrogen for a maximum of 10 s to prevent freezing of the cultures. The cells were collected by centrifugation for 5 min at 4,000 rpm and 4°C, and the pellets were immediately frozen in liquid nitrogen and stored at Ϫ80°C. Two additional aliquots (1 ml each) were harvested for total protein determination (see below). The pellets were stored at Ϫ20°C. The cell pellets for c-di-AMP quantification were resuspended in 800 l of extraction mixture I (acetonitrile-methanol [1:1]) and transferred to 2-ml screw-cap microtubes that contained 0.5 g of 0.1-mmdiameter glass beads. The tubes were vortexed for a short time, frozen in liquid nitrogen, and subsequently incubated for 10 min at 95°C and stored on ice. The tubes were transferred into a precooled (Ϫ20°C) TissueLyser II adapter, and the cells were disrupted by three pulses of 30 s each with an oscillation frequency of 30 Hz in a TissueLyser II (Qiagen, Hilden, Germany). The adapter was cooled on ice between each pulse. The reaction tubes were centrifuged for 10 min at 14,800 rpm and 4°C, and the supernatants were transferred into fresh tubes. Next, 200 l of extraction mixture II (acetonitrile-methanol-H 2 O [2:2:1]) was added to the pellets, and the cell disruption procedure using the TissueLyser II was repeated as described above. The supernatants were collected by centrifugation and added to the supernatants obtained by the first extraction step, and the process was repeated a second time with 200 l of extraction mixture II. The pooled supernatants were stored overnight at Ϫ20°C. The mixtures were centrifuged for 20 min at 14,800 rpm and 4°C, and the resulting supernatants were dried in a vacuum concentrator (SpeedVac; Thermo Scientific, Germany) for 2 to 4 h at 40°C. The nucleotides extracted were dissolved with 200 l of H 2 O. After repeated centrifugation and addition of the internal standard [ 13 C, 15 N]c-di-AMP, part of the extracts was analyzed by LC-MS/MS as described previously (10) . The cell pellets for protein quantification were dissolved in 800 l 0.1 M NaOH and heated for 10 min at 98°C. After a short centrifugation (5 min, 20,800 ϫ g), the supernatant was transferred to a new tube. The pellet was processed a second time as described before. The resulting supernatant was pooled with the previous one. The cell pellets harvested for protein quantification were treated as described previously (10) , and the protein concentration was determined using the Bradford assay (35).
RESULTS

CdaR does not affect synthesis and membrane localization of
CdaA. The L. monocytogenes cdaAR operon (38) encodes the diadenylate cyclase CdaA (Lmo2120) and a putative regulator of CdaA activity, CdaR (Lmo2119) (Fig. 1A and B) (6, 11) . Lmo2120 was previously designated DacA (diadenylate cyclase A) (11) . We suggest an alternative name, CdaA (cyclic di-AMP synthase A), for two reasons: DacA is commonly used to designate D-alanyl-Dalanine carboxypeptidases; and Lmo2120 is homologous to the B. subtilis diadenylate cyclase CdaA (65% identity).
To explore the mutual relationship between CdaA and CdaR, we first assessed whether CdaR affects the levels of CdaA by Western blot analyses using anti-CdaA antibodies. As shown in Fig. 2A , the wild-type strain EGD-e and the ⌬cdaR mutant LMR45 produced similar amounts of CdaA, indicating that CdaR does not control the CdaA levels. Because cdaA is essential for growth in rich medium, we constructed a CdaA depletion strain, LMJR46 (IcdaA), in which the native cdaA gene is deleted but an ectopic cdaA copy is present at the tRNA Arg attB site and expressed from an IPTG-inducible promoter. We observed that this strain indeed synthesized CdaA in an IPTG-dependent manner ( Fig. 2A) . Next, we assessed whether the inactivation of the cdaR gene affects membrane localization of CdaA. For this purpose, cell-free crude extracts from the strains EGD-e (wt) and LMJR45 (⌬cdaR) were separated into cytoplasmic and membrane fractions. As shown in Fig. 2B , the absence of CdaR did not affect the integration of CdaA The protein extracts of strains EGD-e (wild type), LMJR45 (⌬cdaR), and LMJR46 (IcdaA) grown with or without IPTG were separated by SDS-PAGE, and the CdaA levels were visualized using a polyclonal antiserum specific for L. monocytogenes CdaA. (B) Effect of cdaR inactivation on CdaA membrane localization. Strains EGD-e (wild type) and LMJR45 (⌬cdaR) were grown in BHI medium at 37°C, and the bacteria were harvested at an OD 600 of 1.0. Cytosolic (C, 15 g) and membrane (M) fractions of each strain were separated by SDS-PAGE (12%) and analyzed by Western blotting using CdaA antiserum. The protein labeled by an asterisk might be CdaA that is processed due to overproduction of the protein.
into the membrane. Moreover, this analysis indicates that like CdaA from B. subtilis (10), the protein from L. monocytogenes is an integral membrane protein. To conclude, CdaR affects neither the amount nor the membrane localization of CdaA.
CdaR-CdaA complex formation. Recently, it has been suggested that CdaR and CdaA interact with each other (1) . Indeed, the orthologs from B. subtilis were shown to form a complex in vivo (10) . To test whether CdaR and CdaA from L. monocytogenes are interaction partners, we performed a bacterial two-hybrid (B2H) experiment, which is based on the interaction-mediated reconstitution of the Bordetella pertussis adenylate cyclase in E. coli (36) . The B2H experiment revealed that all proteins showed selfinteraction (Fig. 3A) . The analysis also revealed that CdaA interacts directly with CdaR when the diadenylate cyclase and the potential regulator harbor the adenylate cyclase domain at their C terminus (C-CdaA, pUT18 derivative) and N terminus (N-CdaR, pKT25 derivative), respectively, which are both likely cytoplasmic (Fig. 3B) . Moreover, truncated CdaR variants lacking the signal peptide (24, 25, 26) showed interactions with the full-length NCdaR (pKT25 derivative) and C-CdaR (p25-N derivative) proteins. This observation might indicate that the CdaR variants can interact with each other via their YbbR domains even though they are not properly inserted into the membrane and thus are cytoplasmic. We further tested whether the signal peptide of CdaR and the transmembrane domain of CdaA contribute to the formation of the CdaA-CdaR complex. For this purpose, we constructed B2H constructs encoding the ⌬28CdaR and ⌬80CdaA variants lacking the signal peptide of CdaR and the transmembrane domains of CdaA, respectively. We observed that the truncated CdaR and CdaA variants do not interact. To conclude, our findings indicate that the signal peptide of CdaR and the transmembrane domain of CdaA might be involved in the direct interaction between the two proteins (Fig. 3B) .
CdaR regulates the activity of CdaA in L. monocytogenes. A CdaR protein homolog from B. subtilis has been reported to act as a potential regulator of CdaA activity (6); however, the role of CdaR in L. monocytogenes has not been studied so far. To address the question of how CdaR affects the activity of CdaA in its native environment, we determined the intracellular levels of c-di-AMP in the ⌬cdaR mutant LMJR45 and in the strain BPL16 (IcdaR), which has the ⌬cdaR mutation and the cdaR gene under the control of an IPTG-inducible promoter. The wild-type strain EGD-e, the cdaA depletion strain LMJR46 (IcdaA), and strain LMJR65 (⌬cdaR IcdaA) served as controls. The cells were grown to a point where the effects of CdaA depletion were detectable (OD 600 of 1.0) (see Fig. 6A ). As expected, the CdaA depletion strain LMJR46 (IcdaA) produced significantly less c-di-AMP than the wild type in the absence of IPTG (64% Ϯ 6% of the wild-type level) (Fig. 4) . In contrast, strain LMJR46 produced more c-di-AMP than the wild type (119% Ϯ 15%) in the presence of the inducer, a finding which is in good agreement with the observed overexpression of CdaA during growth in the presence of IPTG (Fig. 2A) . Both the inactivation of cdaR in strain LMJR45 (136% Ϯ 12%) and the depletion of CdaR in strain BPL16 (136% Ϯ 24%) resulted in elevated intracellular c-di-AMP levels. Accordingly, c-di-AMP levels were 1.5-fold higher in strain LMJR65 (⌬cdaR IcdaA) cells during Effect of cdaR deletion on L. monocytogenes growth. Next, we explored the effect of cdaR deletion on L. monocytogenes growth. The cdaR mutant LMJR45 (⌬cdaR) grew normally at 37°C (Fig.  5A ) but showed growth retardation and reduced optical densities in all growth phases at 42°C (Fig. 5B) . IPTG-induced expression of CdaR in the ⌬cdaR mutant strain BPL16 (IcdaR) restored normal growth at 42°C (Fig. 5C ). These findings suggest that CdaR is required for optimal growth at elevated temperatures.
To explore the effect of cdaR deletion in a CdaA depletion strain, we analyzed the growth of strain LMJR65 (⌬cdaR IcdaA). This strain grew as fast as the wild type and the ⌬cdaR single mutant in the presence of IPTG. However, when no IPTG was added, its growth significantly lagged behind that of strain LMJR46 (IcdaA) at 37°C (Fig. 6A) , and this effect was even more apparent at 42°C (Fig. 6B) . This finding might indicate that in addition to the control of CdaA activity, CdaR might have additional functions. Interestingly, the growth defects associated with depletion of CdaA can be detected already after approximately three generations in culture medium without IPTG. This is in contrast to what we routinely observe with other strains allowing depletion of essential genes (such as secA), which usually need up to six generations to cause retardation of growth (39) and confirms that cdaA is an essential gene in L. monocytogenes during growth in rich medium (11, 12) . To conclude, inactivation of cdaR and cdaA has additive negative effects on L. monocytogenes growth.
CdaA depletion affects cell division. Several studies revealed that c-di-AMP is involved in cell wall homeostasis (9, 13, 30) , which may affect the cell shape. Hence, we investigated the morphology of cdaA and cdaR mutant strains by microscopy. For this purpose, strains LMJR45 (⌬cdaR) and LMJR46 (IcdaA) were cultivated in BHI medium (containing 1 mM IPTG where indicated) at 37°C to an OD 600 of 1.0, and the cell membranes were stained with Nile red. The depletion of CdaA caused cell elongation, a phenotype that was absent in the LMJR46 (IcdaA) cells grown in the presence of 1 mM IPTG (Fig. 7A) . The cdaR deletion in strain LMJR45 did not affect the cell morphology (Fig. 7A) . For quantification of these effects, we measured lengths of 310 cells per strain. A graphical illustration of the cell length distribution in these strains confirmed our qualitative observations (Fig. 7B) , revealing that CdaA depletion in strain LMJR46 (IcdaA) caused cell elongation (average length, 1.59 Ϯ 0.45 m) compared to that of cells grown in the presence of IPTG (1.25 Ϯ 0.34 m) or to that of the wild-type cells (1.05 Ϯ 0.2 m). That induction of cdaA expression did not fully restore the cell lengths of LMJR46 (IcdaA) cells to the wild-type levels ( Fig. 2A) might be explained by artificial CdaA overexpression ( Fig. 2A) under this condition. This in turn indicates that even increased levels of CdaA affect cell division efficiency. In contrast, the average cell length of the ⌬cdaR deletion mutant LMJR45 cells (1.03 Ϯ 0.19 m) was similar to that of the wild type. Effect of cdaA and cdaR mutations on antibiotic susceptibility. It was shown earlier that depletion of CdaA affects the susceptibility of L. monocytogenes to cell wall-targeting antibiotics, such as penicillin, ampicillin, and cefuroxime (13) . However, it remains unclear how deletion of cdaR affects antibiotic susceptibilities. To investigate this issue, MICs for different antibiotics were determined using E-tests. The depletion of the cdaA gene in strain LMJR46 (IcdaA) had a strong effect, causing 3-to 4-fold reductions in the resistance to ␤-lactam antibiotics, including ampicillin, penicillin, amoxicillin, and meropenem, and mild reductions for vancomycin and gentamicin (Table 3 ). The complete restoration of the wild-type susceptibilities to ␤-lactams was observed when strain LMJR46 (IcdaA) was grown in the presence of IPTG, while resistance to gentamicin was also slightly increased. The cdaR deletion had a minor effect on penicillin resistance and did not change the susceptibilities to any of the other antibiotics tested (Table 3) .
To explain the increased penicillin susceptibilities of cdaA and cdaR mutant strains, we tested whether penicillin induces autolysis of cdaA and cdaR mutants. For this purpose, cells of strains EGD-e (wild type), LMJR45 (⌬cdaR), LMJR46 (IcdaA), and LMJR65 (⌬cdaR IcdaA) were resuspended in a Tris buffer, and the decline in optical density after penicillin addition was recorded. The deletion of cdaR had no effect on penicillin-induced autolysis (Fig. 8A) . In contrast, depletion of CdaA from cells of strains LMJR46 (IcdaA) and LMJR65 (⌬cdaR IcdaA) stimulated autolysis in the presence of penicillin to the same degree (Fig. 8A) . However, repetition of the same experiment in the absence of penicillin showed that this effect is due to intrinsic spontaneous autolysis and is penicillin independent. Since autolysis is clearly penicillin dependent in the mutants depleted for cell wall biosynthetic proteins such as PBP B1 (40), this result indicates that autolysis provoked by CdaA depletion might be due to the malfunction of other processes. Lysozyme treatment leads to a rapid decline in the optical density of L. monocytogenes wild-type cells, as it promotes massive lysis. However, the absence of CdaR intriguingly increased the resistance of the LMJR45 (⌬cdaR) cells to lysozyme (Fig. 8B ). This indicates that the peptidoglycan of the ⌬cdaR mutant is modified in a way that renders it more resistant against hydrolysis by lysozyme. The intrinsic autolysis of CdaA-depleted cells masks any possible effect on lysozyme resistance (data not shown). To conclude, a strain lacking cdaR is significantly less susceptible to lysozyme. Suppression of the cdaA growth defect by sodium chloride. Others have shown that autolysis of L. monocytogenes and B. subtilis due to reduced intracellular amounts of c-di-AMP can be suppressed by increasing the osmolarity of the growth medium (9, 13, 27) . We wondered whether increased autolysis of CdaA-depleted cells is the sole reason for their retarded growth. In order to address this point, we reanalyzed the growth of strain LMJR46 (IcdaA) in BHI broth in the presence and absence of 2% NaCl. During growth in BHI broth containing neither IPTG nor NaCl, strain LMJR46 (IcdaA) showed the same growth defect as described above. In contrast, the addition of 2% NaCl almost completely restored its growth to the wild-type levels (Fig. 8C) . This result shows that osmotic instability of the CdaA-depleted LMJR46 (IcdaA) cells accounts for most of the growth defect in BHI broth and suggests that depletion of CdaA per se should not be detrimental to viability. If true, it should be possible to delete cdaA in the presence of 2% NaCl. We tested this hypothesis; however, we did not obtain cdaA deletion mutants. This indicates that osmoprotection is only part of the reason for CdaA essentiality.
DISCUSSION
In the present study, we have demonstrated that like in B. subtilis and Chlamydia trachomatis (10, 41) , the diadenylate cyclase CdaA from L. monocytogenes is an integral membrane protein. Moreover, similar to what was reported for B. subtilis, the CdaR protein directly interacts with CdaA in L. monocytogenes (10) , and membrane localization of CdaA is not perturbed by the absence of CdaR (see Fig. 2 ).
The fact that CdaA interacts with CdaR suggests that the regulator also comes in close proximity to the cell wall. The inactivation of both proteins affects the cellular integrity or the modification of the cell surface. This might imply the possibility that c-di-AMP homeostasis is linked to the metabolism of the cell envelope (the cell wall and cell membrane). In fact, (i) depletion of CdaA enhances the sensitivity of L. monocytogenes to cell wall-active antibiotics, and (ii) the lack of CdaR increases the resistance of the bacteria to lysozyme. Furthermore, for other bacteria, such as S. aureus, B. subtilis, and Streptococcus pyogenes, it has been reported that alterations of cellular c-di-AMP levels affect the integrity of the cell wall (6, 27) . Moreover, elevated c-di-AMP levels resulted in the accumulation of extramembranous material, such as vesicles in S. aureus (28) . However, it remains to be elucidated how c-di-AMP controls membrane biosynthesis in this organism. In addition to CdaR, yet another protein, the glucosamine-6-phosphate mutase GlmM, which synthesizes an essential precursor for the cell wall, directly interacts with CdaA, as revealed by a recent study (10) . We furthermore showed that alterations in the intracellular c-di-AMP levels affect cell length, which also is an effect that might be caused by aberrations in peptidoglycan homeostasis (27) . It is attractive to hypothesize that CdaR acts as a sensory protein that monitors the integrity of the cell envelope either by interacting with cell wall proteins or with peptidoglycan. Depending on the signal perceived by CdaR, the protein in turn might regulate the activity of ) were grown in BHI broth with or without 1 mM IPTG at 37°C until an OD 600 of 0.8. Cells were harvested and resuspended in 50 mM Tris-HCl (pH 8.0) with or without 25 g/ml penicillin. The decline in optical densities was recorded photometrically and is expressed as relative average values. Standard deviations are calculated from an experiment performed in triplicate. *, P Ͻ 0.05, data points at which differences in autolysis rates in the presence of penicillin between LMJR46 without IPTG and LMJR46 with IPTG and between LMJR65 without IPTG and LMJR65 with IPTG were statistically different. (B) Autolysis of L. monocytogenes strains EGD-e (wt) and LMJR45 (⌬cdaR) in the presence of 2.5 g/ml lysozyme. Average values and standard deviations were calculated from three independent experiments. *, P Ͻ 0.05, statistically significant differences. (C) Suppression of the cdaA-dependent growth defect by osmoprotection of growth conditions. Strains EGD-e (wild type) and LMJR46 (IcdaA) were pregrown in BHI broth (containing 1 mM IPTG for LMJR46) at 37°C and used to inoculate fresh BHI broth (without IPTG) containing or not containing 2% NaCl. OD 600 values were measured in hourly intervals. the diadenylate cyclase CdaA to maintain cell wall integrity. Here, we showed that CdaR indeed can negatively control the diadenylate cyclase CdaA (see Fig. 4) . Moreover, the complex between CdaA and CdaR may be important for adjustment of the synthesis of cell wall precursors, depending on the state of the cell envelope (10) . It will be interesting to identify the signals perceived by CdaR and decipher how c-di-AMP produced by CdaA is linked to the metabolism of the cell envelope. Interestingly, it has been observed that the quality of the nitrogen source also affects c-di-AMP production (10) . However, how the nitrogen source controls the activity of CdaA and whether this is linked to peptidoglycan metabolism remain to be elucidated.
Another recent study uncovered a link between c-di-AMP metabolism and integrity of the cell envelope in actinobacteria (42) . The protein family of so-called resuscitation-promoting factors includes a variety of muralytic enzymes that are involved in the resuscitation of dormant cells (43, 44, 45) . The expression and activities of the resuscitation-promoting factors are tightly regulated to prevent lysis due to degradation of the protective cell wall. In Streptomyces coelicolor, expression of the rpfA gene encoding the resuscitation-promoting factor RpfA is controlled by the upstream ydaO-like riboswitch in response to c-di-AMP (42, 46) . The riboswitch specifically binds c-di-AMP, which leads to transcription attenuation and reduced synthesis of the muralytic enzyme RpfA. It has been suggested that the reduced RpfA levels prevent germination of S. coelicolor. Interestingly, resuscitationpromoting factors that are related to the actinobacterial proteins also exist in Firmicutes, the bacterial phylum to which L. monocytogenes belongs (43, 44, 47) . In L. monocytogenes, it has been observed that accumulation of c-di-AMP results in the increased expression of the resuscitation factors Lmo2522 and Lmo0186 that are homologs of the B. subtilis YocH and YabE proteins, respectively (13, 43, 44) . However, it remains to be elucidated how the synthesis of YocH and YabE is controlled by c-di-AMP.
As mentioned above, several studies suggest a link between c-di-AMP metabolism and the integrity of the cell envelope. However, it is as yet unclear why a decrease in the intracellular concentration of the nucleotide causes bacterial lysis. This work and other studies revealed that lysis of L. monocytogenes and B. subtilis cells that were depleted for CdaA can be rescued by increased medium osmolarity (Fig. 8) (9, 27) . Since it has been reported that c-di-AMP negatively controls the influx of potassium ions into S. pneumoniae and S. aureus cells (16, 17, 48) , one can imagine that the deregulation of potassium homeostasis increases the turgor pressure to lethal levels, which would result in cell lysis. This hypothesis is supported by the observation that the osmosensitive phenotype of an S. aureus ltaS mutant strain unable to synthesize lipoteichoic acid might be rescued by an increased intracellular c-di-AMP concentration (27) . Thus, the c-di-AMP-dependent regulation of potassium uptake may indeed be essential for maintaining cell integrity. That processes other than peptidoglycan biosynthesis are affected by depletion of CdaA is in good agreement with our observation that penicillin had no effect on autolysis of CdaA-depleted cells. A recent study revealed that c-di-AMP is essential only for the growth of L. monocytogenes on rich medium (12) . It has been shown that the lack of c-di-AMP led to a decrease in intracellular GTP levels and consequently to the activation of several genes that are usually repressed by the pleiotropic transcription factor CodY (50) . Some derepressed genes code for an opp oligopeptide uptake system, suggesting that the unbalanced import of oligopeptides is lethal to the cell. Indeed, simultaneous inactivation of the cdaA and the opp genes enabled the bacteria to grow on rich medium (12) . However, whether c-di-AMP is essential because it controls influx of compounds that either might lead to a change in the internal osmotic pressure or are simply toxic has to be investigated. Moreover, it is unclear how the activity of the uptake system is linked to other phenotypes associated with the cell envelope.
